Abstract Safety concerns regarding cobalt-containing metal alloy hip prosthetics (Co-HP) have resulted in product recalls, a medical device alert, and issuance of guidance for clinicians. Recently, cases of suspected prosthetic hip-associated cobalt toxicity (PHACT) from Co-HP have been reported. Although little is known about suspected PHACT, these patients may be referred to medical toxicologists for evaluation and management recommendations. We searched MEDLINE, EMBASE, and unpublished abstracts from toxicology scientific meetings for references relevant to PHACT. Authors independently screened publications for inclusion criteria: publication in English, human study population, subject(s) are symptomatic (except for isolated hip pain), and cobalt values in any matrix (blood, serum, urine, CSF, synovial fluid) available for review. Data from 10 cases are reviewed. Patients with suspected PHACT had findings consistent with cobalt toxicity, including thyroid, cardiac, and neurologic dysfunction.
Introduction
Hip replacement surgery using implantable metal components has been performed in North America for over 50 years. Recently, safety concerns-excessive revision rates, local reactions, and high metal ion levels-have resulted in product recalls, a medical device alert, and issuance of clinical guidance by the Food and Drug Administration (FDA) in the USA [1] [2] [3] [4] . During the past 6 years, cases of systemic symptoms associated with cobalt-containing metal alloy hip prosthetics (Co-HP) have been reported [5] [6] [7] [8] [9] [10] [11] [12] [13] . A definitive causal link between Co-HP and systemic symptoms, as opposed to local reactions, has not been definitively established.
The FDA reports that 400,000 hip arthroplasty procedures are performed annually in the USA [4] . These procedures may involve total hip replacement (THR) or hip resurfacing. The later involves the implantation of less prosthetic material. During THR, the articulating surfaces of the acetabulum and femoral head are replaced with prosthetic components consisting of ceramic-on-ceramic, metal-on-polyethylene, or metal-on-metal. All hip implant devices with metal components used in the USA contain cobalt alloys. However, the use of higher risk metal-on-metal hip devices in the USA is declining. Because most of these prosthetics were placed between 2003 and 2010, the prevalence of suspected prosthetic hip-associated cobalt toxicity (PHACT) may increase. Patients suffering from suspected PHACT may be referred to medical toxicologists for evaluation and management.
Our objective was to conduct a systematic review of suspected PHACT cases detailing the clinical features, laboratory evaluation, ancillary testing, and management of these patients. We hoped to provide guidance for medical toxicologists evaluating these patients.
Methods
On July 30, 2012, we electronically searched both MEDLINE and EMBASE. In order to maximize identification of relevant literature, we utilized a combination of index terms and freetext terms as has been previously recommended by the Cochrane Adverse Effects Methods Group [14] . MEDLINE search terms (medical subject headings and free-text) included "cobalt toxicity," "cobalt," "intoxication," "poisoning," "arthroprosthetic cobaltism," "hip prosthesis," "joint replacement," and "arthroplasty" while filtering by "case reports," "clinical trial," "comparative study," "controlled clinical trial," or "randomized controlled trial." The EMBASE search used similar terms (free-text and index) while filtering by "clinical trial," "randomized controlled trial," "controlled clinical trial," "multicenter study" and "article," "conference abstract," "conference paper," "journal," "letter," "note," or "report" for relevant abstracts. Two authors independently reviewed articles to determine if inclusion criteria were met. Any disagreement between reviewers was arbitrated by a third reviewer. We also manually reviewed abstracts presented at the 2011 North American Congress of Clinical Toxicology and the 10th Annual Congress of the Asia-Pacific Association of Medical Toxicology for unpublished cases meeting inclusion criteria. Additionally, the reference sections of included publications were searched for additional cases.
The following comprised our inclusion criteria: publication in English, study population includes human subject(s), cobalt levels in any matrix available for review, and patients having systemic symptoms. References that documented only localized joint symptoms did not meet the inclusion criteria and were excluded.
Results
Our search methods identified 60 references. Independent review of all identified references by two authors (JD, AP) resulted in complete agreement regarding publications meeting inclusion and exclusion criteria. The majority of references identified pertained to device failure, not suspected toxicity. Additional excluded references were animal studies, in vitro studies, letters, reviews, or reports published in languages other than English. No controlled studies were identified. Seven case reports and two case series were included, identifying 10 unique cases available for review.
Historical, laboratory, and ancillary testing features of the 10 patients are summarized in Table 1 . Signs or symptoms appeared between 3 and 72 months after arthroplasty (median 19 months) and are listed by frequency of occurrence in Table 2 . Hearing and cognitive impairment were the most frequently reported symptoms, occurring in at least half of the cases. Other commonly reported symptoms included paresthesias, visual impairment, headache, dysgeusia (metallic taste), dyspnea, rash or nail changes, fatigue, and weight loss. There was wide variation in the ancillary testing reported. Ancillary testing varied considerably and included nerve conduction studies, brain stem evoked potentials, audiometry, electromyography, brain magnetic resonance imaging, echocardiography, and pulmonary function testing. Table 3 summarizes the highest reported cobalt concentrations in different matrices for each case.
Discussion
Most of what is known about cobalt toxicity comes from cases of inhalation and ingestion of excess cobalt. The patients with suspected PHACT identified by our search have findings consistent with historic cobalt toxicity-thyroid, cardiac, and neurologic dysfunction. However, the lack of controlled comparison studies makes definitively linking these clinical features to elevated cobalt values problematic at this time.
Thyroid Dysfunction
Three cases of suspected PHACT were complicated by hypothyroidism. Pre-hip implant surgery thyroid function is not reported. These three patients were in their fifth decade of life; hypothyroidism is common at this age. However, thyroid dysfunction has been associated with cobalt toxicity [15] . Hypothyroidism was attributed to cobaltous chloride treatment for refractory anemia [16] . Further, occupationally exposed cobalt dye workers with low level chronic cobalt exposures had altered thyroid hormone metabolism despite the absence of clinical disease [17] . Cobalt toxicity is classically associated with beer drinkers' cardiomyopathy, poisoning secondary to consumption of beer containing excess cobalt [18] . One case series of this condition included 28 men who developed severe congestive heart failure secondary to cardiomyopathy. Five developed atrial fibrillation or flutter and 11 died [19] . Our review only identified one case of biopsy-confirmed cardiomyopathy.
Abnormal echocardiograms were documented in five cases and two patients developed atrial fibrillation; however, baseline echocardiograms were not available for review in published cases. Similarly, a study of Finnish cobalt workers revealed that cumulative cobalt exposure was associated with subclinical echocardiographic changes [20] . Cobaltinduced myocardial injury has also been implicated in hard metal workers [21] [22] [23] .
Neurological Dysfunction
Historically, neurotoxic symptoms such as hearing loss, visual impairment, and polyneuropathy were attributed to cobaltous chloride infusions [24] [25] [26] . Although most of the neurologic symptoms described in our review are highly subjective, neurologic dysfunction was objectively demonstrated as optic nerve atrophy (three cases), audiometrydocumented hearing loss (four cases), and abnormal electrodiagnostic studies (three cases). Overall, a neurologic symptom was reported in 9/10 cases. Cobalt neurotoxicity is controversial and its mechanism is not clearly established.
Proposed mechanisms include disruption of mitochondrial oxidative phosphorylation, neurotransmitter modulation, and direct neuron cytotoxicity [27] .
Proposed Mechanisms of Toxicity
Similarly, a unifying mechanism of cobalt toxicity in general has not been identified. The histopathologic changes in beer drinkers' cardiomyopathy have been attributed to cobalt's high affinity for sulfhydryl groups resulting in impaired oxidation of Krebs cycle intermediates, transmembrane transport system damage resulting in increased intracellular calcium, and chronic inhibition of sympathetic tone [18, 28] . Epidemiologic studies suggest that concomitant malnutrition may be required for cobalt-induced cardiomyopathy [29] . Although controversial, thyroid dysfunction has been attributed to cobalt's inhibition of tyrosine iodinase [15, 16, 30] . Studies of patients in the 1970s with the McKee cobalt-chromium-molybdenum prosthetics attributed "cobalt toxicity" to hypersensitivity as prosthetic failures were associated with positive cobalt patch testing [31, 32] . More recently, metal ion effects on cell-mediated immunity, lymphocyte reactivity, and chemokine secretion have been demonstrated [33] [34] [35] . Interestingly, in a patient with sensory polyneuropathy identified by our search, sural nerve biopsy revealed "moderate axonal degeneration with no inflammatory changes," suggesting that inflammation of nerves may not completely explain neurotoxicity [8] . Another patient identified by our search exhibited hyperintense lesions on brain magnetic resonance imaging (MRI) suggesting demyelination [7, 27] . Comprehensive reviews of cobalt's pathologic mechanisms are available elsewhere [27, 28, 33, 34, 36] .
Co-HP components may also contain varying amounts of chromium and molybdenum. The contribution of other metals to suspected PHACT is unknown. However, the chromium of Co-HP exists in the trivalent state and is unlikely to be physiologically converted to the toxic hexavalent state [37] . In vitro studies of metal nanoparticle behavior have shown that nanoparticles liberate more cobalt ions than chromium ions, and cobalt nanoparticles are considerably more cytotoxic to cultured cells [38] . The molybdenum content of Co-HP is about one tenth that of cobalt and is not thought to play a role in suspected PHACT [39] .
Clinical Features of Suspected PHACT
Our search identified patients with symptoms consistent with historic cobalt toxicity and elevated cobalt values in one or more matrices as summarized in Table 3 . Studies comparing clinical and laboratory features of patients with Co-HP who develop suspected PHACT to asymptomatic patients with Co-HP have not been performed. Although risk factors for excessive metal ion release from Co-HP have been identified, no prognostic indicators for asymptomatic patients who may develop suspected cobalt toxicity have been studied [40] . Therefore, no definitive conclusions can be drawn regarding the association of suspected PHACT with specific patient historical, physical, laboratory, and imaging features based on the available evidence.
The testing and interpretation of cobalt values is controversial. Serum values are commonly reported and are most representative of extracellular fluid levels. However, some suggest that whole blood values more accurately measure systemic exposure [41] . A conversion equation for serum and whole blood values may prove clinically useful after independent validation [42] . One study found a linear correlation between pseudotumor aspirate values and serum cobalt values [43] . Further, urine and serum cobalt values appear to correlate once exposure is removed in workers occupationally exposed to cobalt dust [44] . Patients with Co-HP frequently have higher serum cobalt concentrations than industrial workers. It is unclear when elevated cobalt values should be considered potentially toxic because no clear correlation has been found between serum concentrations and physiologic effects [45] . Serum cobalt concentrations >5 μg/L are listed as likely toxic in one reference text although data supporting this threshold is lacking [46] . The FDA cautions that the interpretation of cobalt levels in patients with metal-on-metal hip implants has not been clearly defined and provides guidance regarding metal ion testing methodology [3] . Use of inductively coupled mass spectrometry for metal ion value determination is preferred [3, 47, 48] .
Published Recommendations for Management
Regulatory agencies in the UK and USA have issued recommendations for both asymptomatic and symptomatic patients with elevated metal ion levels. The FDA defines "symptomatic patients" as those experiencing local symptoms (i.e., pain or swelling at or near the hip, a change in walking ability, or noise from the hip) more than 3 months after placement of a metalon-metal hip implant and recently issued "Information for Orthopaedic Surgeons" [2] . The FDA advises surgeons to consider the patient's overall clinical presentation including symptoms, physical findings, and other diagnostic results when determining treatment scenarios; a summary of this guidance is reproduced in Table 4 . Specific guidance for specialists to whom patients with evidence of systemic symptoms may be referred was not part of this communication [4] . The FDA's advice for other health care professionals caring for patients with metal-on-metal hip implants is summarized in Table 5 . While the FDA provides detailed information on metal ion testing and interpretation on their website [3] , it does not provide specific metal ion values that should trigger action. Conversely, the recommendations issued by the UK's Medicines and Healthcare Products Regulatory Agency (MHRA) provide actionable thresholds summarized in Tables 6 and 7 [1] . The MHRA utilizes a cobalt value of 7 μg/L for medical decision making. However, the impetus for their inquiry leading to these recommendations was an increase in device failure, not to address patients with systemic toxicity. Further, this 7 μg/L threshold was derived from a population reference range, not comparison data between symptomatic and asymptomatic patients [49] . Most asymptomatic patients with Co-HP will have stable cobalt levels up to 10 μg/L and few develop toxicity [43] . The FDA has recommended consideration of serial metal ion testing in symptomatic patients and advises interpretation of these levels in the context of symptoms, baseline renal function, and the potential for alternative sources [2, 3] . Therefore, the cobalt value of concern is unknown. Following value trends, in lieu of absolute values, may be more informative during patient evaluation.
No consensus has been reached in regard to treatment of patients with systemic symptoms. These patients have been treated supportively. Some patients identified by our methods received thyroid replacement and corticosteroids but clinical response is inconsistently documented [6, 7] . Machado et al. reported a "good clinical response" to beta-blockade, ACE inhibition, and diuresis in their patient with cardiomyopathy [13] . Little evidence exists to inform decisions about enhanced elimination of cobalt in cases of suspected PHACT. Pelclova et al. described a patient 14 months after receiving a Co-HP; . In repeat tests, use same sample type, measurement method and preferably the same laboratory Not necessary if you feel the hip is functioning properly Table available online at: http://www.fda.gov/MedicalDevices/Safety/AlertsandNotices/ucm335775.htm a The FDA defines "symptomatic" as experiencing local symptoms (i.e., pain or swelling at or near the hip, a change in walking ability, or noise from the hip) more than 3 months after placement of a metal-on-metal hip prosthetic b For chromium testing, a validated method that resolves potential interferences must be used. Please review FDA's recommendations for chromium testing [3] Patients with systemic findings that are thought to be related to a metal-on-metal hip implant should be advised to follow-up with his or her orthopedic surgeon to determine the appropriate course of action
• General hypersensitivity reaction (skin rash)
• Cardiomyopathy • Neurological changes including sensory changes (auditory or visual impairments)
• Psychological status change (including depression)
• Renal function impairment • Thyroid dysfunction (including neck discomfort, fatigue, weight gain, or feeling cold)
Adapted from information available online at: http://www.fda.gov/MedicalDevices/Safety/AlertsandNotices/ucm335775.htm a FDA notes that these symptoms are based on case reports in the literature 20 months after implant his serum cobalt was 506 μg/L [12] . The patient received 15 total doses of 2,3-dimercaptopropane-1-sulfonate (unithiol); his urinary cobalt excretion increased and his serum cobalt level decreased by 26 %. The authors noted that his symptoms improved except for hearing loss but, ultimately, hardware removal was performed. Ikeda et al. described a patient 2 years after Co-HP implantation; the blood cobalt concentration was >400 μg/L [8] . At the time of revision surgery, the patient had a single treatment with hemodiafiltration but no post-procedure value is provided. Finally, Pazzaglia et al. described a patient 1 year after receiving a Co-HP; whole blood cobalt was 550 μg/L [11] .
The patient received 70 days of EDTA (one dose every 7 days) between diagnosis and hardware removal. The patient's whole blood cobalt value declined with the first two doses, followed by subsequent rise. Rebound between doses was attributed to ongoing release from the hip surface. Rebound and metal redistribution are known risks of chelation therapy. In animal models of cobalt toxicity, chelating agents were able to reduce total body cobalt values through reduction of hepatic and renal cobalt stores. However, there was no difference in brain cobalt values between chelated animals and untreated controls. Further, two chelating agents actually increased heart values [50] . Similarly, this chelation-associated redistribution of toxic metal from relatively "safe" tissues into more susceptible tissues has been noted in animal models of lead toxicity [51] . More robust studies of enhanced elimination strategies in suspected PHACT are warranted.
Natural Course of Suspected PHACT
Little information is available regarding the course of cobaltcontaining hip-associated toxicity. Historically, patients with thyroid dysfunction after treatment with cobaltous chloride made full recoveries once treatments were discontinued [30] . However, neurologic symptom resolution has been variable. In a patient with iatrogenic cobalt toxicity from treatment of anemia, nerve deafness and vertigo resolved 4 months after dosing with cobalt stopped [26] . Similarly, high-frequency hearing loss in two hemodialysis patients with refractory anemia resolved 1 month after cobaltous chloride treatment was discontinued [24] . Conversely, in a patient who developed optic atrophy, no progression of disease was noted after cessation of cobalt therapy but no recovery was observed either [25] . Mao et al. followed two patients after Co-HP hardware removal. Symptoms gradually improved and appear to correspond to decreasing blood cobalt levels; however, complete resolution was not achieved by 8 weeks in either patient [10] . Oldenburg et al. reported one patient whose symptoms had improved within 6 months of hardware removal [6] . Unfortunately, "in long-term follow-up, the patient's neurologic symptoms [had] persisted." One patient identified in our review developed dyspnea 6 years after receiving a Co-HP. The patient, diagnosed with PHACT and cardiomyopathy, improved symptomatically with concomitant ejection fraction increase from 21 to 45 % after hardware removal [13] . Similarly, Tower reported subjective improvement in exercise tolerance, dyspnea, and diastolic dysfunction 11 months after hardware removal [9] . Oldenberg et al. did not specifically comment on cardiac symptom resolution in the sole biopsyproven case of cardiomyopathy identified in our review [6] . Typical symptom duration with suspected PHACT appears to vary. Nine of 10 case report authors identified by our search reported patient symptom course after hardware removal during follow-up periods ranging from 1 to 18 months. All reported symptom improvement after hardware removal. Quantitating improvement requires comparison of studies performed preexposure, during patient exposure, period of greatest symptoms, and post-hardware removal. These studies have not been performed, making definitive statements about the course of PHACT, as well as, causation problematic.
Limitations
Several limitations of this review should be mentioned. As no formal case definition exists, our search strategy may have failed to identify all cases. We excluded patients with isolated local joint symptoms like pain. It is possible that some of these patients' pain is secondary to neurotoxicity. Additionally, we cannot rule out the possibility of publication bias; patients identified by our methods may be outliers. Further, as only 10 cases were available for systematic review, these patients may not be representative of all patients with Co-HP and their clinical presentations may not be representative of all patients with suspected PHACT. Further, because no comparative data between symptomatic and asymptomatic patients with Co-HP exist, we relied on review of case reports, the least robust form of evidence. We attempted to minimize these limitations by adhering to guidance for systematic review methodology published in the general and toxicology literature [14, 52, 53] .
Conclusion
As the number of patients with suspected PHACT increases, medical toxicologists are likely to become involved in their care. This systematic review summarizes the clinical presentations of patients with suspected PHACT. The information currently available regarding patients with suspected PHACT is inadequate to guide clinical decision making at this time. No consensus has been reached regarding the management of asymptomatic Co-HP patients with elevated cobalt levels. No consensus has been reached regarding the management of Co-HP patients with systemic symptoms. Indications for chelation have not been established and require further study. There are no reliable data suggesting chelation therapy for suspected PHACT is efficacious; its routine use should be discouraged. Improved case definitions, improved surveillance, and controlled studies are needed to elucidate the scope of this problem and guide future investigations.
